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2352 | Polym. Chem., 2014, 5, 2352–23Tailoring the glucose-responsive volume phase
transition behaviour of Ag@poly(phenylboronic
acid) hybrid microgels: from monotonous swelling
to monotonous shrinking upon adding glucose at
physiological pH†
Ting Ye,a Xiaomei Jiang,b Wenting Xu,a Mingming Zhou,a Yumei Hua and Weitai Wu*a
We develop a class of polymer–inorganic hybrid microgels, comprising Ag nanoparticle cores covered by a
poly(3-acrylamidophenylboronic acid-co-2-(dimethylamino)ethyl acrylate) [p(3-VAPBA-co-DMAEA)] gel
shell, to demonstrate that the volume phase transition behaviour of poly(phenylboronic acid) gels can be
tailored from exhibiting monotonous swelling to monotonous shrinking upon adding glucose at a
physiological pH of 7.4, via varying the feeding ratio of monomers DMAEA (introducing positive charges
by ionization) to 3-VAPBA (introducing negative charges through the formation of a glucose–boronate
complex) in the synthesis. The counterbalance of the positive and negative charges at particular glucose
concentrations is a key parameter to enable this tailoring. Accompanied by this tailoring, the
photoluminescence of the hybrid microgels is tuned from glucose-responsive “turn-off” to “turn-on”, in
which the latter displays an improved glucose-sensing performance in both artificial tear fluid (a model
for low glucose concentrations) and urine (for high glucose concentrations).Introduction
Polymer gels of three-dimensional crosslinked network struc-
tures are receiving a great deal of attention due to their unique
physical properties common to living tissues, including a so
and rubbery consistency, and low interfacial tension with water
or biological uids.1–3 In recent years research has focused
typically on stimuli-responsive polymer gels, also called “smart”
or “intelligent” polymer gels, which can undergo volume phase
transitions on receiving an external signal that is derived from
changes in the gel's environment, such as a change in the
temperature or pH value, or that can be triggered exogenously
by irradiation with light or exposure to an electrical or magnetic
eld.4–16 If a stimuli-responsive polymer gel is sensitive to the
uctuation in the concentration of a specic biomolecule like
glucose, a basic necessity of living organisms and a ubiquitous
fuel for biological processes, it can mimic biofeedback systems,
thus providing both a functional and structural basis forof Solid Surfaces, The Key Laboratory for
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62biosensors for prospective biomedical applications.17–28 This
has led to considerable research interest in developing glucose-
responsive polymer gels by utilizing phenylboronic acid (PBA)
as a glucose-binding component, the best synthetic ligand
identied for reversibly binding glucose in aqueous media.29
Poly(phenylboronic acid) (pPBA) microgels as sensing
materials can offer many advantages over their bulky counter-
parts in treatment of diseases such as diabetes that are associ-
ated with disruptions in the homeostasis of glucose
concentrations in biouids (e.g., blood, tear uid, and urine):
the microgels are uniformly dispersible in a solvent medium
and undergo a continuous volume phase transition with a short
response time.30–49 Diabetes is not an infectious disease, but its
rapidly increasing worldwide prevalence has been recognized as
a pandemic, and thus diabetes poses a serious global health
threat much like epidemics of truly infectious diseases.50
Because of the necessity for the tight glucose control on type 1
diabetic patients and advanced type 2 diabetic patients, the
current administration requires frequent self-monitoring of
glucose concentrations and subsequent self-injection of insulin
to achieve normoglycemia.50 Currently, self-monitoring of
glucose requires a nger-stick blood sample for direct
measurement of glucose. Although the benets are already
apparent from the use of such self-monitoring, the pain of the
nger-stick not only impinges on the quality of life of the
patient but also severely reduces patient compliance with
frequent glucose measurements. In addition, there areThis journal is © The Royal Society of Chemistry 2014
Scheme 1 Schematic illustration of (a) the synthesis of Ag@p(3-
VAPBA-co-DMAEA) hybrid microgels with different glucose-respon-
sive volume phase transition behaviours, and (b) the complexation














































View Article Onlinechallenges in the accurate measurement of daily uctuations in
glucose concentration in order to adjust the dose and dosing
time of insulin. In this respect, earlier studies have been
focused on developing noninvasive glucose biosensors (i.e.,
detecting glucose in the tear uid or urine) by using pPBA
microgels (which generally lack optical properties), which were
usually coupled with organic dyes or inorganic nanoparticles so
that both a glucose-recognition moiety and an optical code can
be integrated within one single object.33–40 While the incorpo-
ration of the optical code into the pPBA microgels would not
preclude the sensing materials from swelling in response to an
increase in glucose concentration in the surrounding medium,
the resulting changes in the physical properties of the microgels
from the swelling can quench the optical properties of the
optical code, and thus convert the glucose concentration
change into an optical signal. However, since those biosensors
generate an optical signal that is anti-proportional to the
glucose concentration (i.e., “turn-off” detecting glucose), higher
glucose concentrations would result in smaller variations in the
optical properties, and therefore are difficult to detect with
condence at biologically high glucose concentrations where
the optical properties are already largely quenched.33–36,38–40
Although the optical signal might be improved by using high
excitation, very high excitation may cause instability of the
optical codes.22,39,51 As for the Förster resonance energy transfer
(FRET) biosensors,23 as the two uorophores can have differ-
ential photobleaching sensitivity, a change in the ratio may be
misinterpreted as a FRET change caused by changes in analyte
levels.52 Clearly, in order to use the pPBA microgels as sensing
materials in biouids ultimately, it is crucial to exploit new
systems, for instance, that can allow “turn-on” detecting
glucose.
In this context, we herein develop a class of glucose-
responsive pPBA microgels as sensing materials, which are
coupled with Ag nanoparticles as the optical code, and denote
them as Ag@pPBA hybrid microgels. As schematically depicted
in Scheme 1a, such hybrid microgels are made of Ag nano-
particle cores covered by a copolymer gel shell of poly(3-acryl-
amidophenylboronic acid-co-2-(dimethylamino)ethyl acrylate)
[p(3-VAPBA-co-DMAEA)] with N,N0-methylenebisacrylamide
(MBAAm) as the crosslinker. Our intention is to investigate how
to utilize the monomer feeding to tailor the glucose-responsive
volume phase transition behavior of pPBA microgels at a
physiologically important pH of 7.4. In a recent paper, the
nature of the crosslinker was reported to be important in
tailoring the volume phase transition behavior of pPBA micro-
gels: with MBAAm as the crosslinker, the microgels swell upon
adding glucose, where glucose binds to a single boronate; if
ethylene glycol dimethacrylate is used, the microgels shrink
upon adding glucose (not yet used for the design of biosensors),
where glucose binds to two boronates.53 In spite of the exciting
progress, however, this method suffers from the fact that it also
requires a high density of boronates for the microgels to exhibit
shrinking behavior. Herein, we show an alternative method in
which the volume phase transition behavior can be tailored
from exhibiting monotonous swelling behavior to monotonous
shrinking behavior upon adding glucose, via simply varying theThis journal is © The Royal Society of Chemistry 2014feeding ratio of the monomers DMAEA to 3-VAPBA in the
synthesis of the hybrid microgels. We demonstrate that the
counterbalance of the positive charges (introduced by ioniza-
tion of DMAEA units) and negative charges (resulting from the
formation of a glucose–boronate complex in 3-VAPBA units) at
particular glucose concentrations is a key parameter to enable
this tailoring. We then show that upon adding glucose the
responsive swelling of the hybrid microgels would trigger
quenching of the photoluminescence (PL) of the Ag nano-
particle cores, rendering “turn-off” detecting glucose, whereas
the responsive shrinking of the hybrid microgels can lead to an
enhancement in the PL, representing an effective approach to
realize “turn-on” detecting glucose. We also show that the latter
indeed can exhibit a better performance than the former in the
PL detection of glucose in both articial tear uid and urine,
which served as model biouids of relatively low and high
glucose concentrations, respectively.Experimental
Materials
D(+)-Glucose, lyophilized human serum albumin (HSA), and 3-
aminophenylboronic acid (3-APBA) were purchased from Acros,
Tokyo Chemical Industry, and Combi-Blocks Inc., respectively.
All other chemicals were purchased from Aldrich. 2-(Dimethy-
lamino)ethyl acrylate (DMAEA) was puried with neutral Al2O3.
Acrylic acid (AA) was distilled under reduced pressure. D(+)-
Glucose, HSA, 3-APBA, silver nitrate (AgNO3), sodium citrate
(Na3C6H5O7$H2O), sodium borohydride (NaBH4), N-(3-dime-














































View Article OnlineN,N0-methylenebisacrylamide (MBAAm), 2,20-azobis(2-methyl-
propionamidine) dihydrochloride (AAPH), sodium dodecyl
sulfate (SDS), sodium L-lactate and other chemicals were used
as received without further purication. The water used in all
experiments was of Millipore Milli-Q grade.Synthesis of Ag@P(3-VAPBA-co-DMAEA) hybrid microgels
Our strategy to prepare Ag@p(3-VAPBA-co-DMAEA) hybrid
microgels is based on a combination of several methods
previously developed in both inorganic nanoparticles and
polymer synthesis.34,54–59 3-VAPBA monomer was synthesized
according to the literature.23 Then, Ag nanoparticles were
prepared by dropwise addition of fresh NaBH4 solution
(10.6 mM, 2.5 mL) to an aqueous solution of AgNO3 (0.1 mM,
200.0 mL) in the presence of Na3C6H5O7$H2O (0.1 mM) under
vigorous stirring. The resultant solution was stirred for 1 hour
and aged for 7 days at ambient conditions before use. The long
aging time is necessary for completely degrading the reducing
agent NaBH4. SDS-stabilized Ag nanoparticles were obtained by
adding SDS (53.0 mg) into aqueous solution of citrate-stabilized
Ag nanoparticles (100.0 mL) in a 250 mL round-bottom ask
equipped with a stirrer, N2 gas inlet, and condenser, and then
aging the mixture for 10 hours. Finally, a series of Ag@p(3-
VAPBA-co-DMAEA) hybrid microgels were obtained with the
feeding shown in Table 1. Typically, in a 250 mL round-bottom
ask equipped with a stirrer, N2 gas inlet, and condenser, the
as-prepared aqueous solution of SDS-stabilized Ag nano-
particles (100.0 mL) was heated to 30.0 C, followed by addition
of 3-VAPBA, DMAEA and MBAAm under stirring. Aer 30 min,
the solution temperature was raised to 70.0 C and the poly-
merization was initiated by adding AAPH (105.0 mM, 1.0 mL).
The polymerization reaction was allowed to proceed for 5 hours.
The solution was centrifuged twice (6000 rpm, 22 C, and 30
min; Thermo Electron Co. SORVALL® RC-6 PLUS superspeed
centrifuge, the same as mentioned below) with the supernatant
discarded and the precipitate redispersed in deionized water
(200.0 mL). The obtained hybrid microgels were further puried
by dialysis (Spectra/Por® molecular porous membrane tubing,
cutoff 12 000–14 000 Dalton MWCO) for 3 days against very
frequently changed water at room temperature.Table 1 Feeding amount of monomers in the synthesis and other
characteristics
Samples











— — — 6.7
AP-1 5.23  103 5.01  104 5.70  105 46.9
AP-2 5.23  103 2.52  103 7.75  105 53.5
AP-3 5.23  103 6.40  103 1.15  104 58.0
AP-4 5.23  103 1.51  102 2.00  104 61.9
AP-5 5.23  103 3.15  102 3.65  104 66.8
AP-6 5.23  103 5.22  102 5.70  104 71.8
a Directly measured by using LLS at 37.0 C, pH¼ 7.4, and [Glu]¼ 0 mM.
2354 | Polym. Chem., 2014, 5, 2352–2362Laser light scattering (LLS) studies
A standard laser light scattering spectrometer (BI-200SM) equip-
ped with a BI-9000 AT digital time correlator (Brookhaven
Instruments, Inc.) and aMini-L30 diode laser (30 mW, 637 nm) as
the light source was used. The very dilute Ag@p(3-VAPBA-co-
DMAEA) hybrid microgel dispersions (10.0 mg mL1) were passed
through Millipore Millex-HV lters with a pore size of 0.80 mm to
remove dust before LLS measurements. In Dynamic LLS (DLS),
the Laplace inversion (here the Contin method was used) of each
measured intensity–intensity time correlation function in a dilute
dispersion can lead to a line-width distribution G(G). For a purely
diffusive relaxation, G is related to the translational diffusion
coefficient D by (G/q2)C/0, q/0 ¼ D, so that G(G) can be converted
to a translational diffusion coefficient distribution and hRhi
distribution by using the Stokes–Einstein equation, hRhi ¼ (kBT/
6ph)/D, where kB, T, and h are the Boltzmann constant, the
absolute temperature, and the solvent viscosity, respectively.60,61
Glucose-responsive PL properties of the hybrid microgels
dispersed in aqueous media
Ag@p(3-VAPBA-co-DMAEA) hybrid microgels were adjusted to a
concentration of 10.0 mg mL1 for all measurements. To study
the glucose-responsive PL properties, PL spectra were recorded in
PBS (5.0 mM, pH ¼ 7.4) at 37.0 C and at different glucose
concentrations ([Glu]). For the interference tests, different inter-
ferents at appropriate amounts were mixed into the glucose
aqueous solutions. The experiments were repeated ve times at
each glucose concentration, and the average PL intensity at 618
nm (I) was used for constructing the model. To simplify the
calculation model, the PL intensity of the hybrid microgels was
normalized (to give the normalized PL intensity IN ¼ I/I0) by that
measured in PBS without any sugar (I0).







where vx/vy and dIN represent the inverse of the slope in the IN–
[Glu] diagram and the standard deviation of IN, respectively. vx/
vy was obtained by differentiating the polynomial tting on the
IN–[Glu] plot, and dI was calculated with the following eqn (2) as








where n and IN,i imply the repeat time (n ¼ 5) and the PL
intensity of each measurement at a [Glu], respectively.
Optical detection of glucose in articial tear uid and urine
The articial tear uid was prepared according to the Geigy
formula (Table S1 in the ESI†).63 The urine sample of a healthy
adult, which contained negligible glucose, was collected from a
clinical laboratory; since diabetic patients are at increased risk
of renal diseases and the principal feature of diabetic
nephropathy is proteinuria, the urine sample was spiked withThis journal is © The Royal Society of Chemistry 2014
Fig. 1 The hRhi distribution of Ag@p(3-VAPBA-co-DMAEA) hybrid
microgels AP-1 (-), Ap-2 (C), AP-3 (:), AP-4 (;), AP-5 (A), and AP-6
(=). As a comparison, the hRhi distribution of free Ag nanoparticles (,)
is also presented. All measurements were made in PBS of pH ¼ 7.4 at














































View Article OnlineHSA (3.0 g L1) and cysteine (0.1 mM) to mimic the urine
samples of patients with diabetic nephropathy.64,65 All articial
uids were further spiked with different amounts of glucose
([Glu]actual) and used as the test samples. These test samples
were mixed with the concentrated Ag@p(3-VAPBA-co-DMAEA)
hybrid microgels, and the concentration of the hybrid microgels
was adjusted to 10.0 mg mL1 for all measurements. The PL
intensity at 618 nm was recorded at 37.0 C and repeated ve
times for each sample. The corresponding change in the PL
intensity was used to determine the apparent glucose level
([Glu]app,tear in articial tear uid, and [Glu]app,urine in urine),
which was read out based on the calibration model constructed
in PBS solutions of known glucose concentrations.
Other characterizations
1H NMR spectra were recorded on a Bruker AVIII 500 MHz
solution-state NMR spectrometer at 300 0.05 K, pulse width P1
p/4, and pulse interval D1 2.0 seconds. FTIR spectra were
recorded using a Thermo Electron Corporation Nicolet 380
Fourier transform infrared spectrometer. UV-vis-NIR absorption
spectra were recorded on a Varian Cary 5000 UV-vis-NIR spec-
trometer. TEM images were taken on a JEOL JEM-2100 trans-
mission electron microscope at an accelerating voltage of
200 kV. The pH values were measured on a METTLER TOLEDO
SevenEasy pH meter. PL spectra were obtained on a Jobin Yvon
Co. FluoroMax®-3 spectrouorometer equipped with a Hama-
matsu R928P photomultiplier tube and a calibrated photodiode
for excitation reference correction from 200 to 980 nm, with an
integration time of 1 s. To conrm all emissions, PL spectra
were also recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer equipped with R928 photomultiplier tubes
and self-optimized light lters. Experiments of electrophoretic
mobility, mE, were carried out on a Malvern Zetasizer Nano S90
particle analyzer on the Zeta-Meter mode and calibrated with
standard solutions. The z-potential of the hybrid microgels was




where 30 is the permittivity of vacuum, 3r is the relative dielectric
permittivity of the medium, and h is the solvent viscosity.
Results and discussion
The average hydrodynamic radius (hRhi) distribution was char-
acterized by using in situ DLS at 37.0 C. Ag nanoparticles and
Ag@p(3-VAPBA-co-DMAEA) hybrid microgels are compared as
shown in Fig. 1 (also see Fig. S1 in the ESI†). Both Ag nano-
particles and the hybrid microgels were diluted to 10.0 mg
mL1 with PBS (5.0 mM, pH ¼ 7.4). Both Ag nanoparticles and
the hybrid microgels were narrowly distributed with a poly-
dispersity index m2/hGi2 # 0.005. As summarized in Table 1, the
hybrid microgels had a larger hRhi (AP-1, AP-2, AP-3, AP-4, AP-5
and AP-6 synthesized with an increased feeding ratio rDMAEA/3-
VAPBA had an increased h Rhi of 46.9, 53.5, 58.0, 61.9, 66.8 and
71.8 nm, respectively) than Ag nanoparticles (hRhi ¼ 6.7 nm).
The increased particle size and their narrow distributionThis journal is © The Royal Society of Chemistry 2014demonstrate that the polymer gel is successfully added onto Ag
nanoparticles, and the formation of new homo-polymer parti-
cles during the synthesis of the hybrid microgels can be
ignored. The markedly high density of Ag enables direct visu-
alization of the black Ag nanoparticle cores within a gray poly-
mer gel matrix,34,55 as shown in Fig. 2. All hybrid microgels have
a spherical morphology with a core–shell structure. The
disparity between the size observed by TEM and DLS is because
TEM provides the physical size of particles in the dried form,
whereas DLS indicates the hRhi of particles dispersed in a
solution. Because the hybrid microgels are hydrophilic and
shown to swell to different degrees in PBS of pH ¼ 7.4 (see
below), DLS measurement results in signicantly different
particle sizes. Aer the coating of the polymer gel shell, the
absorption peak of Ag nanoparticles red shied by 26 nm
(Fig. 3a). This red-shi in the peak plasmon absorption is
related to a change in the local dielectric constant around Ag
nanoparticles as a result of the coating of the polymer gel shell
onto the Ag nanoparticle cores.54,67
FTIR spectroscopy was used to conrm the composition of
the puried Ag@p(3-VAPBA-co-DMAEA) hybrid microgels. In
FTIR spectra (Fig. 3b), the characteristic bands of C]O
stretching vibration (amide I) at 1674 cm1, N–H bending
vibration (amide II) at 1557 cm1, B–O stretching vibration at
1339 cm1, and phenyl ring deformation mode at 1113 cm1
for the 3-VAPBA units were recorded.68 The characteristic
bands of tertiary amine C–N ex vibration and C–O–C inver-
sion symmetry ex vibration for the DMAEA units appeared at
1372 cm1 and 1188 cm1, respectively.69 The weak bands at
1461 cm1 and 974 cm1 indicated the presence of quaternary
amine, due to the slight ionization of the tertiary amine of the
DMAEA units in the hybrid microgels. FTIR analysis also sug-
gested strong interactions between the boronic acid groups of
the 3-VAPBA units and the amine groups of the DMAEA units
with the red-shiing of the B–O stretching vibration and
tertiary amine C–N ex vibration, as well as the red-shiing of
characteristic bands of quaternary amine, in comparison withPolym. Chem., 2014, 5, 2352–2362 | 2355
Fig. 2 TEM images of Ag@p(3-VAPBA-co-DMAEA) hybrid microgels
(a) AP-1, (b) AP-2, (c) AP-3, (d) AP-4, (e) AP-5, and (f) AP-6.
Fig. 3 (a) UV-vis-NIR absorption spectra of Ag@p(3-VAPBA-co-
DMAEA) hybridmicrogels. As a comparison, the UV-vis-NIR absorption
spectrum of free Ag nanoparticles is also presented. (b) FTIR spectrum
of Ag@p(3-VAPBA-co-DMAEA) hybrid microgels (AP-1). FTIR spectra















































View Article Onlinethose of pure 3-VAPBA (1348 cm1 for boronic acid) and
DMAEA (1384 cm1 and 1466 cm1 for tertiary and quaternary
amine, respectively).
It is noteworthy that both 3-VAPBA (pKa z 8.3) and DMAEA
(pKb z 7.5) are ionizable moieties, and the pH value of the
dispersion medium should signicantly inuence the size of
Ag@p(3-VAPBA-co-DMAEA) hybrid microgels. Taking this into
account, we studied rst the pH dependence of hRhi of the
hybrid microgels at 37.0 C. The hRhi values as a function of pH
were then normalized by a minimum hydrodynamic radius
(hRhi0) within the experimental pH window, because there was a
difference in the size between the hybrid microgels synthesized
with different feeding ratios rDMAEA/3-VAPBA. From Fig. 4, we can
see the same trend in the hRhi/hRhi0 versus pH curves for all
hybrid microgels. The pH dependence of hRhi/hRhi0 exhibited a
characteristic pattern, from which an isoelectric point (pI z
7.6–7.8) was observed. Both at the pH ranges below and above
pI, the hybrid microgels were in a swollen state and the polymer
network chains adopted an extended conformation. At a pH <
pI, the smaller the rDMAEA/3-VAPBA in the synthesis of the hybrid
microgels, the smaller the hRhi/hRhi0 value; at a pH > pI,2356 | Polym. Chem., 2014, 5, 2352–2362however, the hybrid microgels synthesized with a high
rDMAEA/3-VAPBA were less swollen as compared with those
synthesized with a low rDMAEA/3-VAPBA. These can be understood
as a result of the electrostatic intrachain repulsion due to the
“net” charges of either positive (pH < pI) or negative (pH > pI)
sign, as revealed by pH-dependent z-potential measurements
(Fig. 5), although from a theoretical viewpoint z-potential is the
electric potential in the interfacial double layer at the location of
the slipping plane versus a point in the bulk solution away from
the interface.66 The ionization of the DMAEA (pH < pI) or 3-
VAPBA (pH > pI) units leads to a Coulombic repulsion among
the charged groups and an added osmotic contribution due to
the migration of mobile counterions into the polymer gel mesh,
and a Donnan equilibrium driven swelling occurs.7 In partic-
ular, these results indicated that at the physiologically impor-
tant pH of 7.4 the tertiary amine of the DMAEA units had been
partly ionized, and the hybrid microgels synthesized with
different feeding ratios rDMAEA/3-VAPBA have different “net”
positive charges per particle. This important feature will pave
the way to tailor the glucose-responsive volume phase transition
behaviour of Ag@p(3-VAPBA-co-DMAEA) hybrid microgels.This journal is © The Royal Society of Chemistry 2014
Fig. 4 pH-dependent normalized hydrodynamic radius, hRhi/hRhi0, of
Ag@p(3-VAPBA-co-DMAEA) hybrid microgels, measured in PBS at
37.0 C, [Glu] ¼ 0 mM, and scattering angle q ¼ 45.
Fig. 5 pH-dependent z-potential of Ag@p(3-VAPBA-co-DMAEA)
hybrid microgels, measured in PBS at 37.0 C, [Glu] ¼ 0 mM, and
scattering angle q ¼ 45.
Fig. 6 Glucose-dependent swelling ratio, SRGlu¼ hRhi[Glu]/hRhi[Glu]¼0 mM,
of Ag@p(3-VAPBA-co-DMAEA) hybridmicrogels. All measurements were














































View Article OnlineIt is well known that PBA is in equilibrium between the
undissociated (trigonal, uncharged) and the dissociated (tetra-
hedral, charged) forms in aqueous solution (Scheme 1b).29 Both
forms can react reversibly with 1,2-cis-diols of glucose, of which
the tetrahedral form prefers binding with glucose to form a
boronate ester. The complexation of the uncharged form with
glucose is unstable because it is highly susceptible to hydro-
lysis, but the binding of glucose would lead to the thermody-
namically more favourable charged form, resulting in shiing
of the dissociation equilibrium of PBA to the right. In our case
at the physiologically important pH of 7.4, it is anticipated that
the complexation-induced negative charges on the boronates
can be electrostatically attracted to the partly protonated
DMAEA units, and weaken the Donnan potential, resulting in
an initial decrease in the swelling ratio, SRGlu ¼ hRhi[Glu]/
hRhi[Glu]¼0 mM, due to the charge neutrality; on further
increasing the glucose concentration, the overall charge of the
hybrid microgels may change from positive to negative, leading
to an increase in the SRGlu again. As expected, as shown in
Fig. 6, this two-stage volume phase transition behavior wasThis journal is © The Royal Society of Chemistry 2014clearly observed in AP-2, AP-3 and AP-4 over a clinically relevant
range of 0.0 mM # [Glu] # 30.0 mM. As for AP-1, the initial
decrease in the SRGlu (data not shown) might occur at very low
glucose concentrations of [Glu] < 5.0 mM, which is far below the
glucose concentration in the tears, blood and urine of diabetic
patients;70 from this point of view, we can consider the glucose-
responsive volume transition behaviour of AP-1 as a (quasi-)
monotonous swelling behavior upon addition of glucose. In
contrast, an elegant monotonous shrinking behavior was
observed in AP-5 and AP-6 in our experimental glucose
concentration window, which may be due to the insufficient
charge neutrality of the positive charges in the hybrid micro-
gels. Furthermore, we also prepared p(3-VAPBA-co-DMAEA)
copolymer microgels without Ag nanoparticles, following the
feeding amount of monomers in the synthesis of AP-1 and AP-6.
In good agreement with the results of the hybrid microgels,
these copolymer microgels exhibited (quasi-)monotonous
swelling (the copolymer microgels corresponding to AP-1) or
shrinking (the copolymer microgels corresponding to AP-6)
behaviour at pH ¼ 7.4 over the glucose concentration range of
0.0 mM # [Glu] # 30.0 mM (see Fig. S2 in the ESI†). We
therefore have demonstrated that the glucose-responsive
volume phase transition behaviour of the hybrid microgels can
be readily tailored from exhibiting monotonous swelling
behavior to monotonous shrinking behavior upon addition of
glucose, via simply varying rDMAEA/3-VAPBA in the synthesis of the
hybrid microgels.
To simplify the discussion, AP-1 and AP-6 that exhibited
(quasi-)monotonous swelling and shrinking behaviour at pH ¼
7.4 over the glucose concentration range of 0.0 mM # [Glu] #
30.0 mM were selected for the following studies. As previously
shown in the literature,33–39,54 the stimuli-responsive volume
changes of the polymer gels would affect the optical properties
of the inorganic nanoparticles immobilized inside, because of
the corresponding changes in the local physicochemical
microenvironments around the immobilized inorganic nano-
particles.67 Typically, an increase in the elastic tension in the
expanded polymer network chains (Flory–Huggins theory)71Polym. Chem., 2014, 5, 2352–2362 | 2357
Fig. 7 Typical PL emission and excitation spectra of Ag@p(3-VAPBA-














































View Article Onlinewould stretch the polymer–inorganic interface and propagate
the strain to the surface of the immobilized inorganic nano-
particles, and create surface states that can quench the
PL.33–36,38,39 The copolymer microgels were not uorescent. Since
the size of Ag nanoparticles (hRhi ¼ 6.7 nm) is far smaller than
the electron mean free path length (approximately 50 nm),72
robust PL can be detected from Ag@p(3-VAPBA-co-DMAEA)
hybrid microgels dispersed in PBS of pH ¼ 7.4 (Fig. 7). AFig. 8 PL response of (a) AP-1 and (b) AP-6 to glucose, measured in
PBS of pH ¼ 7.4 at 37.0 C.
2358 | Polym. Chem., 2014, 5, 2352–2362broadened absorption (Fig. 3a) but a minimum of the excitation
spectrum at the absorption peak of the hybrid microgels (Fig. 7)
can further conrm that plasmons do not make major contri-
butions to the PL; rather, the PL likely arises from single-elec-
tron excitations between discrete energy states.72 Interestingly,
upon addition of glucose, opposite trends in the PL intensity
changes were observed for AP-1 and AP-6: contrary to the
obvious quenching of the PL of AP-1 (Fig. 8a), a gradual
enhancement in the PL intensity of AP-6 was observed at
elevated glucose concentrations (Fig. 8b). The PL intensity
gradually changed when the polymer gel swelled/shrunk at the
elevated glucose concentrations (Fig. 9a and b), clearly corre-
lating the PL response with the glucose-responsive volume
phase transition behaviour of the hybrid microgels. Therefore,
these results can not only provide direct spectroscopic proof for
the successful tailoring of the glucose-responsive volume phase
transition behaviour of the hybrid microgels, but also fore-
shadow biosensors of different signalling behaviors for photo-
luminescent detection of glucose. While AP-1 can be used for
“turn-off” detecting glucose, AP-6 should allow “turn-on”
detecting glucose.
Accompanied by the tailoring in the glucose-responsive
volume phase transition behaviour of Ag@p(3-VAPBA-co-
DMAEA) hybrid microgels from monotonous swelling toFig. 9 Plots of normalized PL intensity IN of (a) AP-1 and (b) AP-6
versus the glucose concentration [Glu], measured in PBS of pH¼ 7.4 at
37.0 C.














































View Article Onlinemonotonous shrinking upon adding glucose, as well as the
following change in the signalling manner from “turn-off” to
“turn-on”, the glucose-sensing performance of the hybrid
microgels was improved. If we dene the detection limit as the
glucose concentration at which a 10% PL quenching or
enhancement can be measured by employing the hybrid
microgels (10.0 mg mL1), the glucose detection limit consid-
erably improved from approximately 0.1 mM to 37.6 mM upon
replacing AP-1 with AP-6. It is likely that the tetrahedral
conformation at the boron centre of 3-VAPBA units can be
stabilized by electrostatic attraction (B–N+) through the
quaternary amine of protonated DMAEA units, which promotes
the binding of glucose to AP-6 that was synthesized with a
higher rDMAEA/3-VAPBA.34,38,39 Furthermore, as for AP-1 exhibiting
the “turn-off” signalling behavior, higher glucose concentra-
tions would lead to smaller variations in the PL intensity (Fig. 8a
and 9a), and thus would be difficult to detect with condence at
high glucose concentrations where the PL had already largely
been quenched. As shown in Fig. 10, the glucose resolution
(d[Glu]) measured by employing AP-1 was 0.1–3.2 mM over the
range 0.0 mM # [Glu] # 30.0 mM, with the larger d[Glu]
appearing at the higher glucose concentration. Our results
suggested that this problem can be overcome by employing AP-6
that exhibits the “turn-on” signalling behavior. A much higher
glucose resolution of d[Glu] within 39.0 mM–0.3 mM over the
range 0.0 mM # [Glu] # 30.0 mM can be readily achieved by
replacing AP-1 with AP-6.
In order to further compare the glucose-sensing perfor-
mance of AP-1 and AP-6, we also assessed their PL response in
articial tear uid and urine, which served asmodel biouids of
relatively low and high glucose concentrations, respectively. The
articial tear uid was prepared according to the Geigy
formula.63 Urine is an aqueous solution of greater than 95%
water, with the remaining constituents, in the order of
decreasing concentration, being urea (154.8 mM), chloride
(50.0 mM), sodium (50.0 mM), potassium (20.0 mM), creatinine
(6.0 mM), and a few other ions and compounds (e.g., magne-
sium, calcium, and fructose);70 since diabetic patients are at
increased risk of renal diseases and the principal feature ofFig. 10 The glucose resolution (d[Glu]) as a function of the glucose
concentration [Glu], measured in PBS of pH ¼ 7.4 at 37.0 C.
This journal is © The Royal Society of Chemistry 2014diabetic nephropathy is proteinuria, the urine sample was
further spiked with HSA (3.0 g L1) and cysteine (0.1 mM) to
mimic the urine samples of patients with diabetic nephrop-
athy.64,65 In the control experiments, various PBS solutions
containing those compounds or ions were investigated, and the
relative error of glucose concentration reading by using the
hybrid microgels was found to be within 8.6% (see Table S2 in
the ESI† for the data in detail) aer taking account of the
experimental errors. These results indicated that the hybrid
microgels serving as glucose-responsive materials should be
free from signicant interference of non-glucose constituents in
articial tear uid and urine.
The articial tear uid was spiked with a low range of
glucose (0.1 mM # [Glu]actual # 5.0 mM) and used as the test
samples (n ¼ 300). 5.0% of the data belong to the “hypo-tear-
glucose” range (<0.4 mM) versus 55.0% belonging to the “hyper-
tear-glucose” (>3.6 mM) one, and 40.0% were located between
them. With the curves shown in Fig. 9 serving as the calibration,
the apparent glucose concentration [Glu]apparent of the test
samples could be obtained from the PL reading, which was
compared to the corresponding actual glucose concentration
[Glu]actual. In a statistical analysis38,73 of the result measured by
employing AP-1 (Fig. 11a), those points of [Glu]average > 0.3 mM
were located between the limits of agreement, i.e., between 
1.96 and +1.96, the standard deviation of the difference fractionFig. 11 Plots of the difference fraction, D[Glu]/[Glu]average, against the
[Glu]average obtained by employing (a) AP-1 and (b) AP-6 in the artificial
tear fluid solutions.














































View Article Online(D[Glu]/[Glu]average ¼ ([Glu]apparent  [Glu]actual)/[Glu]average, where
[Glu]average ¼ ([Glu]apparent + [Glu]actual)/2) range; the location of
other points ([Glu]average# 0.3mM;D[Glu]/[Glu]average > 0.10) above
the higher boundary of the limits of agreement indicated an
overestimation of the sensing in this range. A similar result
was observed by employing AP-6 (Fig. 11b), but with all D[Glu]/
[Glu]average values smaller than 0.10 within the experimental
glucose concentration window. Moreover, it is noted that a
comparatively small meanD[Glu]/[Glu]average of 0.009 was obtained
by employing AP-6, in comparison with the value of 0.017 obtained
by employing AP-1. These results demonstrated the potential of
both AP-1 and AP-6 for use in PL detection of glucose in tears of
diabetic patients ([Glu] z 3.6 mM4.7 mM),70 among which AP-6
can offer a much high accuracy over AP-1.
Different from tears or blood, urine ordinarily contains
nearly no glucose (normally 0–0.8 mM) because the kidneys are
able to reclaim the ltered glucose back into the bloodstream;
when the blood glucose concentration exceeds the renal
threshold of glucose (approximately 10.0 mM), the proximal
tubule of the kidney becomes overwhelmed and begins to
excrete glucose in the urine ($2.78 mmol per day).70 Thus, aer
being spiked with HSA and cysteine, the urine sample was
further spiked with different amounts of glucose (0.1 mM #
[Glu]actual # 30.0 mM), and used as the test samples (n ¼ 300).
15.0% of the data belong to the range of 0.1 mM # [Glu]actual #Fig. 12 Plots of the difference fraction, D[Glu]/[Glu]average, against the
[Glu]average obtained by employing (a) AP-1 and (b) AP-6 in the urine
solutions.
2360 | Polym. Chem., 2014, 5, 2352–23623.0 mM, and 85.0% belong to the range of 3.0 mM < [Glu]actual#
30.0 mM. As shown in Fig. 12, at low glucose concentrations,
both AP-1 and AP-6 exhibited a similar glucose-sensing perfor-
mance to that in articial tear uid solutions (Fig. 11), with the
location of the points above the higher boundary of the limits of
agreement occurring at [Glu]average < 0.3 mM. At high glucose
concentrations, AP-6 can still provide a high accuracy in the
glucose concentration readings with the D[Glu]/[Glu]average
values keeping within the limits of agreement. However, for AP-
1, higher glucose concentrations would lead to smaller varia-
tions in the optical properties, and thus result in higher
dispersion of the points. A group of points out of range for
[Glu]average $ 18.9 mM was clearly observed by employing AP-1;
the location of these points above the upper boundary of the
limit of agreement indicates a clear overestimation of glucose-
sensing in this range. This result suggested that it is difficult to
detect with condence at high glucose concentrations by
employing AP-1. Taken together, these results conrmed that
AP-6 can exhibit a better performance in the PL detection of
glucose in urine than AP-1.Conclusion
We developed a class of Ag@p(3-VAPBA-co-DMAEA) hybrid
microgels, with which we went farther to demonstrate the
feasibility that the glucose-responsive volume phase transition
behavior of pPBA microgels can be tailored from exhibiting
monotonous swelling behavior to monotonous shrinking
behavior upon adding glucose at a physiologically important pH
of 7.4. Such a tailoring of the glucose-responsive volume phase
transition behavior can be achieved by simply varying the
feeding ratio rDMAEA/3-VAPBA of the monomers DMAEA to 3-
VAPBA in the synthesis of the hybrid microgels. The swelling/
shrinking characteristic is a consequence of the counterbalance
of the negative charges on the boronates induced by the
glucose–boronate complexation and the positive charges on the
partly protonated DMAEA units, and the resultant variation of
the Donnan potential in the polymer gels at particular glucose
concentrations. Accompanied by the tailoring of the phase
behavior from monotonous swelling to monotonous shrinking
upon adding glucose, as well as the following change in the
signaling manner from “turn-off” to “turn-on”, the glucose-
sensing performance of the hybridmicrogels was improved. It is
anticipated that this may open up exciting new possibilities for
the synthesis of biosensors on the basis of pPBA microgels with
ne tuned response to glucose and improved glucose-sensing
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